Prevalence of the protozoan Perkinsus spp. in the gills of the pleasure oyster Crassostrea corteziensis from two estuaries in Nayarit, Mexico, was measured. The protozoan was identified by PCR amplification of the internal transcribed spacer (ITS) region of the rDNA of Perkinsus spp. The pathogen was found in 92% of oysters from Boca de Camichín and 77% of oysters from Pozo Chino. ITS sequences characterized from C. corteziensis showed 96-100% similarity to Perkinsus marinus. The most frequent ITS sequence (GenBank JQ266236) had 100% identity with the ITS locus of P. marinus from New Jersey, Maryland, South Carolina and Texas, and the second most frequent observed sequence (GenBank JQ266240) was 100% identical to ITS sequences of P. marinus from New Jersey, South Carolina, Louisiana, and Bahía Kino, Sonora, Mexico. The 14 sequences from the non-transcribed spacer (NTS) showed 98% similarity to P. marinus from Texas. The most frequent polymorphism identified was at nucleotide 446 of the ITS region; however, the NTS showed the highest nucleotide diversity, thereby suggesting that this region is suitable for genotype identification. Moreover, the most conserved ITS marker is better for species-specific diagnosis. Both the ITS and NTS sequences of P. marinus obtained from C. corteziensis were grouped in two clades, identifying two allelic variants of P. marinus.
Introduction 40 41
Perkinsosis is a shellfish disease caused by protozoans of the genus Perkinsus, of which there are seven 42 species. In North America, two species have been reported. Perkinsus marinus, which occurs along the 43 Atlantic Coast from Maine, USA (Reece et al., 2001; Pecher et al., 2008) to Tabasco, in the Gulf of 44
Mexico (Burreson et al., 1994; Gullian-Klanian et al., 2008) and on the west Coast of Mexico and 45 offshore in Hawaii. P. marinus is a pathogen to oysters (Crassostrea virginica, Crassostrea gigas, 46 Crassostrea ariakiensis, Crassostrea rizhoporae, and Crassostrea corteziensis), as well as several clam 47
Laboratory for Mollusc Diseases of IFREMER at La Tremblade, France. Amplification was performed 111 in a Peltier thermal cycler (PTC-100, MJ Research, Waltham, MA) with an initial denaturation step at 112 95 qC for 4 min followed by 40 cycles (95 qC for 1 min, 65 qC for 1 min, and 72 qC for 1 min), and a 113 final extension at 72 qC for 5 min. PCR products were electrophoresed in 1.2% agarose gels, stained 114 with ethidium bromide, and visualized with UV light. 115
116

RFLP from Perkinsus ITS 117 118
The ITS amplicons (10 μL) were digested for 2 h at 37 °C in a final volume of 20 μL of 25 U μL http://www.restrictionmapper.org/). Digested products were electrophoresed in 2% agarose gels, and 122 digestion patterns were compared to P. marinus, P. olseni, and P. chesapeaki (Table 1) . 123
124
NTS amplification 125 126
The NTS of P. marinus collected from three oysters from Boca de Camichín and two oysters from 127 Pozo Chino was amplified by PCR, using the following primer set: PKnts-FW (5ƍ-AAG TCC TTA 128 GGG TGC TGC TGG CT-3ƍ) and PKnts-RV (5ƍ-ACT ACT GGC AGG ATC AAC CAG GT-3ƍ) 129 described by Park et al. (2005) . The PCR reaction was carried out in a final volume of 20 μL with the 130 following components: 10 μL GoTaq Master Mix (Promega), 1 PM of each primer, and 100 ng DNA. 131 PCR cycling conditions were: initial denaturation at 95 qC for 4 min, 30 cycles at 94 qC for 1 min each, 132
annealing at 57 qC for 1 min, extension at 70 qC for 1 min; and a final extension at 70 qC for 5 min.
PCR products were electrophoresed in 1.2% agarose gels, stained with ethidium bromide, and 134 visualized under UV light. 135
136
Cloning and sequencing 137 138
The ITS PCR products obtained from ten oysters from Boca de Camichín and seven oysters from Pozo 139
Chino were cloned. The NTS PCR products were cloned from three oysters from Boca de Camichín 140 and two oysters from Pozo Chino. All products were ligated in a cloning vector pCR2.1 Topo TA, 141 (Invitrogen, Carlsbad, CA) and transformed in chemically competent cells. For each PCR product, ten 142 clones were verified by colony PCR for insert of PCR products and then cultured in LB medium 143 containing ampicillin medium for isolating plasmids. Plasmid DNA was extracted with a spin miniprep 144 kit (QIAprep, Qiagen). At least three clones for each PCR product were bi-directionally sequenced 145 using universal vector primers, SP6 and T7. Sequencing was performed at the University of Valencia, 146
Spain. 147 148
Sequence analyses 149 150
The chromatograms were converted from an ABI format to a FASTA format; low quality bases were 151 trimmed using Phred software (Ewing et al., 1998; Ewing and Green, 1998b) . Vector sequences were 152 trimmed using Seqclean script (http://seqclean.sourceforge.net/) and the UniVec database (NCBI). 153
Polymorphic sites within the consensus sequences were also visually verified in chromatograms using 154 4Peaks (Mekentosj). ITS and NTS sequences were aligned using CLUSTAL W software, and 155 nucleotide diversity was calculated using DnaSP 5 software (Librado and Rozas, 2009) . Phylogenetic 156 distances were calculated with MEGA5 software, using the obtained models Kimura-2-Parameter (K2)for the ITS and Tamura-3-Parameter (T92) for the NTS (Tamura et al., 2011) . The robustness of 158
neighbor-joining trees was tested with 10,000 bootstrap repetitions, and parsimony tree analyses were 159 generated using a heuristic search with 1,000 bootstraps. DNA sequences were also subjected to the 160 BLAST searches (Altschul et al., 1997) Table 2 ). The ITS1 showed only one transversion at the 3rd position, and the ITS2 had four 187 transversions and nine transitions. No transversions were identified at the 5.8S ribosomal subunit, 188 thereby confirming that this gene region is more conserved than the spacers. 189
The most frequent sequences were JQ266236 and JQ266240. The Pozo Chino, two oysters had unique sequences of Clade A (28.6%), one oyster had a unique sequence 226 of Clade B (14.3%), and four oysters with both Clades A and B (57.1%) (Fig. 3) (Table 3) . 235
The 14 NTS sequences showed 98% similarity to P. marinus TXsc, obtained from Texas 236 (AF497479), with coverage between 97% and 100%. Lower levels of similarity were linked to P. 237 olseni (AF466527 and AF590333), with 81% similarity and 64% coverage and to P. chesapeaki 238 (AF102171), with 77% similarity and 37% coverage. 239
240
NTS phylogeny 241 242
The identified NTS sequences of P. marinus were grouped into two clades according to neighbor-243 joining analysis (Fig. 4) Nucleotide diversity for the ITS2-5.8S-ITS1 region was 0.00326 (Fig. 5) . However, the nucleotide 252 diversity inside the ITS region was 0.00161 for ITS1, 0.00222 for 5.8S, and 0.00486 (Table 4) The increasing spread of diseases in cultivated species is a major concern because economic 258 productivity is at risk. Global warming is the greatest environmental challenge, where spreading 259 pathogens have been associated with an increase in ocean temperature (Marcos-López et al., 2010) . 260
Equally important is the globalization of international trade of aquatic animals and products, giving rise 261 to emerging diseases around the world (Oidtman et al., 2012; Alborali, 2006) . P. marinus in Nayarit 262 Furthermore, there is high cultivation density at Boca de Camichín than at Pozo Chino 272 (CESANAY, 2010), which should also influence infection rates, since transmission occurs at least in 273 part via oyster feces and increases with oyster density (Ford et al., 2002; Park et al., 2010) . 274
In our study, higher P. marinus prevalences were found in Nayarit in C. corteziensis collected in 275
July 2010 compared to those detected in 2006 (Cáceres-Martínez et al., 2008) and in Sonora in C. gigas 276 (Enríquez-Espinoza et al., 2010) . Detection of Perkinsus in our study was done by PCR, whiledetection in 2006 was done by histological examination, which is less sensitive (Navas, et. al., 2007) . 278
Prevalence of P. marinus in July 2010 in Nayarit was similar to those found in the first P. marinus 279 recorded in C. virginica (60-100%) in coastal Tabasco in the Gulf of Mexico (Burreson et al., 1994 ) 280 and in C. virginica (98-100%) from Florida, Virginia, and New York (Oliver et al., 1998) . Along the 281 east coast of the United States, four year-old C. virginica were used to determine the prevalence of the 282 protozoan in C. virginica (Karolus, 2000) , whereas five month-old oysters were used in our study 283 (oysters seed captured in March and collected in July), indicating that the spread in C. corteziensis 284 farming occurs in young oysters. 285
In spite of the presence of P. marinus in our samples, no deaths were recorded at oyster farms in 286
Nayarit. This may be related to the intensity and virulence of Perkinsus and the resistance of C. 287 corteziensis to infection or C. corteziensis reaching market size in less than 13 months, whereas C. 288 virginica from New York (Oliver et al., 1998) reach harvest size (7.5 cm) when they are three years old. 289
The rapid growth of C. corteziensis may limit mortality because the intensity of perkinsosis in oysters 290 and clams increases (Calvo et al., 1996; Villalba et al., 2005) until their second year of growth, when 291 mortality follows (Park et al., 2010) . 292
The digestion patterns obtained after RFLP-PCR analysis of the ITS region allowed us to 293 distinguish between P. marinus and the closely related species P. olseni and also to distinguish P. 294 chesapeaki from the Atlantic (Table 1) . While generic primers are commonly used to amplify the ITS 295 region of most Perkinsus species, RFLP-PCR analysis is a faster diagnostic method that can 296 discriminate between closely related species according to the digestion pattern. This method will be 297 used in future studies to increase the identification of possible Perkinsus co-infections, as happens in 298 bivalves in Chesapeake Bay (Reece et al., 2008) . 299
Based on 12 cultured genotypes obtained along the US east coast, the ITS of P. marinus showed 300 20 variant sequences at 25 polymorphic sites, compared to earlier reports that identified 12 genotypes 301 of 27 allelic variants at 14 polymorphism sites (Brown et al., 2004) . Our study was based on sequences 302 obtained from infected oysters from two neighbouring sites; therefore, the higher genetic variation is an 303 unexpected result that warrants further investigation. Studies in different hosts show genetic variability 304
in Perkinsus ITS sequences. Even multiple variants have been found in a single clonal culture (Dungan 305 et al., 2002) . 306
The ITS phylogenetic analysis showed that P. marinus infection of C. corteziensis clusters in 307 two clades that could be separated by the most frequent transversion, A/T at position 446. This suggests 308 the existence of two variants in the ITS of P. marinus. Variants A and B were found in oysters at both 309 sites and presence of both ITS variants were found in tree oysters from Camichín, and two oysters from 310
Pozo Chino (Table 2) . Thompson et al. (2011) explains intraspecific polymorphism by multi-copy 311 regions and genetic recombination. 312
Regardless of geographic isolation of genotypes along the east coast of the United States, the 313 variant A had high similarity to P. marinus from Texas (TXsc) and Maryland (MA, MD, and EBPIC), 314 and variant B was similar to P. marinus from North Carolina (NC), and Maryland (UBMD). High 315 similarity of ITS sequences in our study to genotypes along the Atlantic shoreline suggests the possible 316 introduction of P. marinus by transport of mollusks from the Atlantic to the Pacific, as suggested by 317 Cáceres-Martínez et al. (2008) . 318
The ITS of P. marinus from Nayarit showed high similarity to isolates classified as genotype 1 319 in New Jersey and Maryland and genotype 3 from North Carolina, South Carolina, Louisiana, and 320
Texas (Reece et al., 2001) . P. marinus genotypes with virulence were classified as follows: genotype 1 321 is moderately virulent and genotype 3 is mildly virulent (Bushek and Allen, 1996) . Genotype 8 from 322
Virginia was classified as the most virulent and we grouped it in a divergent clade of P. marinus from 323 Nayarit. In summary, our results suggest that P. marinus in Nayarit have high similarity to genotypes 324 with low to moderate virulence. However, the virulence of P. marinus in Nayarit must be evaluated by 325 challenge infection tests (Reece et al., 2001) . 326 NTS phylogenetic analysis grouped the sequences into two clades, which were similar to those 327 obtained with the ITS region. The Clade B were grouped with P. marinus from Texas, but Clade A 328
could not be grouped with reported genotypes because the information about the NTS region genotypes 329 is limited. Still, both clades diverged from P. olseni. 330
The nucleotide diversity of ITS and NTS markers was similar between P. marinus in both 331 estuaries, thereby indicating a geographically homogeneous polymorphism. Within the ITS region, 332 nucleotide diversity showed higher variability for ITS2, followed by 5.8S, and then by ITS1. From an 333 analysis of 12 P. marinus genotypes from the Atlantic shoreline (Brown et al., 2004) , nucleotide 334 diversity for the 485 bp of the ITS region was higher (0.00712) than in P. marinus types from Nayarit 335 (0.00326). The interspecies nucleotide diversity of P. marinus (GenBank JQ266231) and P. olseni 336 (GenBank U07701) was one order of magnitude higher (0.04487). The highest nucleotide diversity in 337 the NTS suggests that this region can be used for genotype identification and the more conserved ITS 338 marker is better for species-specific diagnosis. 339 340
Conclusions 341 342
From the phylogenetic analysis of the ITS and NTS regions of the parasite P. marinus collected from 343 C. corteziensis, we recognized two clades. Both parasite allelic variants were found in oysters from 344 two estuaries, which indicate a homogeneous distribution. High similarity of P. marinus from Nayarit 345 to Atlantic genotypes suggests that P. marinus may have been introduced to the Pacific Ocean by 346 transport of mollusks from the Atlantic Ocean. Based on our ITS analyses, P. marinus from Nayarit 347 had high similarity to genotypes from Maryland to Texas, but excluded Virginia genotypes. Despite the 348 presence of P. marinus in Nayarit estuaries, no die-offs of C. corteziensis were recorded, which may beexplained by some combination of intensity levels and virulence of the P. 
